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Access to single particle momenta provides new means of studying the dynamics of few interacting
particles. In a joint theoretical and experimental effort, we observe and analyze the effects of a finite
number of ultracold two-body collisions on the relative and single-particle densities by quenching
two ultracold atoms with initial narrow wave packet into a wide trap with inverted aspect ratio. The
experimentally observed spatial oscillations of the relative density are reproduced by a parameter-
free zero-range theory and interpreted in terms of cross-dimensional flux. We theoretically study
the long time dynamics and find that the system does not approach its thermodynamic limit. The
set-up can be viewed as an advanced particle-collider that allows one to watch the collision process
itself.
PACS numbers:
The one-dimensional harmonic oscillator is discussed in
many text books, from introductory classical and quan-
tum mechanics to quantum optics and field theory [1].
The physics of the one-dimensional harmonic oscillator
is simple: Its classical orbits are sinusoidal and periodic
and the quantum propagator has a compact analytical
expression. Moreover, the harmonic oscillator allows one
to gain intuition for the dynamics of multi-dimensional
systems.
This work studies, both experimentally and theoret-
ically, the quench dynamics of an anisotropic three-
dimensional harmonic oscillator in which the three de-
grees of freedom are coupled by a point scatterer of vary-
ing strength that is located at the origin. Since the point
scatterer has a measure of zero, the classical trajectories
are not influenced by the point scatterer [2]. However, the
situation changes drastically when one enters the quan-
tum regime since the point scatterer can simultaneously
partially reflect and partially transmit the wave packet,
or even reflect the wave packet in its entirety [2–15].
The quench dynamics of one-dimensional quantum sys-
tems has been investigated extensively at the microscopic
level [9–12, 14–24]. Examples include the realization of
quantum Newton’s cradle [16, 20, 21] and the observa-
tion of quantum revivals in a system containing around
1000 atoms, addressing questions related to equilibra-
tion, thermalization, and their connections to integrabil-
ity of one-dimensional systems [22]. The quench dynam-
ics of three-dimensional systems is expected to differ from
that of one-dimensional systems in important ways. This
letter explores these differences by studying the quench
dynamics of an anisotropic harmonic oscillator, includ-
ing the weakly-attractive and repulsive regimes, where
the system behavior is quite intuitive, and the strongly-
interacting regime, where the s-wave scattering length
is the largest length scale in the problem and intuition
tends to fail.
We realize the three-dimensional anisotropic harmonic
oscillator with point scatterer experimentally by opti-
cally trapping two ultracold atoms [Fig. 1(a)], which in-
teract via a short-range van der Waals potential with
tunable scattering length. The dynamics are initiated
by a quench of the trap geometry. The system provides
a versatile platform for studying few-body dynamics in
a regime where a small and predictable number of col-
lisions occur. Since the optical trap is nearly perfectly
harmonic, the center-of-mass motion, which is not af-
fected by the interactions, decouples from the relative
motion. Thus, we focus on (i) the dynamics in the rel-
ative degrees of freedom and (ii) the impact of this mo-
tion on the single-particle density. Excellent agreement
with our parameter-free theory predictions is found. In
the strongly-interacting regime, the resulting density pro-
files in the relative, low-energy z-coordinate display time-
dependent oscillatory or fringe pattern, which we inter-
pret as signatures of cross-dimensional dynamics. The
single-particle density profiles, in contrast, are smooth
except for very short time periods during which the two
particles are close to each other. This illustrates that
the scattering events impact the single- and higher-order
correlation functions differently. While the relative den-
sity varies appreciably with time, our calculations reveal
an extremely slow approach to equilibrium, manifest in
a failure to thermalize over thousands of cycles.
Experimentally, we prepare two 6Li atoms in two
distinct hyperfine states denoted by |1〉 and |3〉 [25]
in the motional ground state of a tightly focussed
optical tweezer trap elongated along the x-direction
[Fig. 1(ai)] [26]. At time t = 0, the system is quenched
by instantaneously changing the trap geometry and as-
pect ratio [Fig. 1(aii)]. We release the atoms into a much
weaker dipole trap with inverted geometry, whose weak-
est frequency is along the z-axis. Since the trap po-
tentials are harmonic to a good approximation, the sys-
tem before and after the quench is described in terms of
the low-energy two-particle Hamiltonian Hα = Hrel,α +
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FIG. 1: (color online) Schematic of system and characterization of initial state. (ai) We prepare the wavepacket of two
interacting 6Li atoms (blue cloud) in the ground state of a tight optical tweezer trap (dark red). We additionaly ramp on a
weak crossed beam optical dipole trap (light red, not to scale). (aii) At t = 0 we switch off the tweezer trap to quench the trap
geometry so that the cloud quickly oscillates in the x- and y-directions while slowly expanding in the z-direction. (aiii) After
a variable expansion time we record the z-positions of both atoms via fluorescence imaging. (b) Schematic energy spectrum of
the Hamiltonian Hrel,f after the quench, showing a single “molecular branch” and a nearly harmonic spectrum of “scattering
states”. Different magnetic fields lead to very different projections of the initial state onto the eigenstates of Hrel,f . In the
weakly-interacting regime at large magnetic fields, many scattering states are populated with roughly equal probability. At
lower magnetic fields, the projection onto the single molecular state increases, eventually dominating the two-body dynamics.
For the experimental parameters, hundreds of levels contribute to the dynamics.
Hcm,α, where α = i, f denotes the geometry before (i)
and after (f) the quench,
Hrel,α =
−~2
2µ
~∇2~r +
µ
2
(ω2x,αx
2 + ω2y,αy
2 + ω2z,αz
2) +
2pi~2as
µ
δ(~r)
∂
∂r
r (1)
and
Hcm,α =
−~2
2M
~∇2~R +
M
2
(ω2x,αX
2 + ω2y,αY
2 + ω2z,αZ
2). (2)
Here, ~r = (x, y, z)T and ~R = (X,Y, Z)T are the relative
and center-of-mass position vectors, respectively, µ and
M the associated masses, and as the three-dimensional
s-wave scattering length characterizing the interaction
strength.
The experimentally measured trapping frequencies are
ωx,i : ωy,i : ωz,i = 2pi × (6.4 : 31 : 30) kHz before and
ωx,f : ωy,f : ωz,f = 2pi×(640 : 600 : 61.7) Hz (aspect ratio
of ωx/y,f/ωz,f ≈ 10) after the quench. For all theoretical
studies presented, to simplify the calculations, we assume
that the initial and final traps are axially symmetric (but
about different axis). Specifically, our calculations use
ωy,i = ωz,i, ωx,i/ωz,i = 0.2098, ωz,i/ωz,f = 494.3, ωx,f =
ωy,f , and ωx,f/ωz,f = 10.
We record the spatial correlations along the z-axis
[Fig. 1(aiii)] that develop during the wave packet dy-
namics using a single-atom and state resolved imaging
scheme [27]. Furthermore, we control the interaction
strength by adiabatically adjusting a magnetic offset field
in the vicinity of a broad Feshbach resonance located at
around 690 G [25]. This allows us to reach three dis-
tinct regimes via the quench, which are set by the role
of a bound state in the system [Fig. 1(b)]: In the case
of a small negative as [in units of the harmonic oscil-
lator length aho,z =
√
~/(µωz,f )], the system is in the
weakly-attractive regime where the quench projects onto
a large number of nearly free particle eigenstates. For
as/aho,z = −0.0203, the occupation |c0|2 of the low-
est eigenstate of Hrel,f immediately after the quench is
about 2% (Table S1 [28]). For small positive as (e.g.
as/aho,z = 0.0474), in contrast, the particles are deeply
bound into a single molecular state both before and after
the quench. In this work, we are particularly interested
in the paradigmatic “unitary” regime [29, 30], where the
three-dimensional scattering length is the largest length
scale in the system or even diverges. In this regime
(as/aho,z = −4.64), |c0|2 is of order 0.3 (Table S1 [28]).
Since the quench does not couple the relative and
center-of-mass motions, the center-of-mass wave packet
for t > 0 simply performs breathing oscillations at the
characteristic time scales Tx/y/z/2 = pi/ωx/y/z,f . The
relative motion, in contrast, is non-trivial. Since the en-
ergy 〈Erel〉 of the t > 0 wave packet in the relative de-
grees of freedom is much larger than the energy scales
set by the trapping frequencies of Hrel,f (Table S1 [28]),
the dynamics in the relative degrees of freedom involves
many eigenstates of Hrel,f . To illustrate this, the circles
in Fig. 1(b) schematically show the occupation proba-
bilities |cj |2, which are obtained by expanding the rel-
ative portion of the t < 0 wave packet in terms of the
eigenstates of Hrel,f [31, 32], for three different s-wave
scattering lengths.
Figure 2 summarizes the dynamics for as = −4.64aho,z
by displaying 〈ρ2〉 and 〈z2〉, where ρ2 = x2 + y2. Both
observables oscillate smoothly with time but at different
frequencies. The times marked by a circle, a square, and
arrows are discussed in more detail in Figs. 3, 4, and 5,
respectively.
Figure 3 shows the relative density along the z-
coordinate for t = 3.5 ms = 2.16Tx, i.e., after four colli-
sions (Fig. 2), for six different s-wave scattering lengths.
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FIG. 2: (color online) Expectation values of ρ2 (solid line)
and z2 (dashed line) for as = −4.64aho,z as a function of
time. The circle, square, and arrows mark the times that are
considered in Figs. 3, 4, and 5, respectively.
The agreement between the experimental results (circles)
and the parameter-free theory results (solid lines) is, ex-
cept for Fig. 3(f), very good. The theoretical results
shown in Fig. 3 are convolved with a Gaussian to account
for the experimental resolution of 4 µm = 0.542aho,z.
Interestingly, the relative densities shown in Figs. 3(a)-
3(e) contain oscillatory structure or fringes, which change
notably with the s-wave scattering length as, on top of
a broad background. The fringe pattern changes with
time and we have found no unique way to assign t- and
z-independent peak spacings for fixed scattering length.
For the smallest positive s-wave scattering length con-
sidered [Fig. 3(f)], the initial state is small compared to
the harmonic oscillator lengths of the final and initial
traps and the coefficient |c0|2 is large (Table S1 [28]). In
this case, finite-range effects might need to be accounted
for to obtain quantitative agreement between theory and
experiment.
The relative densities, shown in Figs. 3(a)-3(f), reflect
the evolution from a comparatively weakly-interacting
regime, in which the molecular state does not play a spe-
cial role (small |c0|2), to the strongly-interacting regime,
where |c0|2 is appreciable but not dominant, to the
small molecular bound-state regime, where |c0|2 domi-
nates. For large negative as we observe a clear fringe
pattern. Since the wave packet in the relative coordi-
nate would, in the absence of the scatterer, simply re-
peatedly expand and contract, the fringes have to be
caused by scattering events. Figure 4 shows the theo-
retically determined unconvolved relative density along
z for as = −0.651aho,z during the first scattering event,
i.e., for t close to t = Tx/2. At this time, 〈ρ2〉 is quite
small but 〈z2〉 is comparatively large. This implies that
the majority of the wave packet is located away from
the point scatterer. The snapshots in Fig. 4 illustrate
that the fringes emerge as a consequence of the scat-
tering. A portion of the small-ρ wave packet does not
get reflected along the ρ-direction but instead gets “redi-
rected” to leave the small-ρ region along the z-direction
[schematic in Fig. 4(g)]. One can think of the scattering
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FIG. 3: (color online) Experiment-theory comparison after
four two-body collisions. The relative densities nrel(z, t) are
shown for t = 3.5 ms and six different scattering lengths. The
values of as (in units of aho,z) are reported in the upper left
corner of each panel. Circles show experimental data and solid
lines convolved theory results. Typical error bars are shown
for a subset of the experimental data. Note the different y-
scales in the panels.
event as a cross-dimensional redistribution of flux from
the ρ- to the z-direction, creating a newly emitted wave
packet portion along the z-direction that subsequently
interferes with the “background” wave packet portion.
This process is repeated during subsequent scattering
events (t ≈ nTx/2;n = 2, 3, 4, ...), leading to an increas-
ingly complex fringe pattern in the relative density along
z (see also Fig. S3 [28]).
Does the single-particle density, an observable recorded
frequently in cold atom experiments, develop a fringe pat-
tern? The answer is yes but only for very short time pe-
riods over a length scale that is too small to be observed
with the current experimental set-up. Figure 5(a) com-
pares the experimental (diamonds) and convolved the-
oretical (solid line) single-particle densities along z for
t = 2ms and as = −4.64aho,z. At this time, which cor-
responds to two oscillations of 〈ρ2〉 (Fig. 2), the con-
volved single-particle density is smooth. It continues to
be smooth for times t < 0.5Tz [red dashed and green
dot-dashed lines in Fig. 5(a)]. Since the size of the
wave packet is much larger than the Gaussian convo-
lution width σ, σ = 0.542aho,z, the convolved and un-
convolved single-particle density are indistinguishable on
the scale shown in Fig. 5(a). The behavior of the single-
particle density changes drastically when the wave packet
is characterized by a small 〈z2〉 and a small 〈ρ2〉. For
t ≈ 0.5Tz, the unconvolved single-particle density [solid
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FIG. 4: (color online) Development of fringe pattern in the
relative density during the first collision event (t ≈ Tx/2) for
as = −0.651aho,z. (a)-(d) The lines show the theoretically de-
termined unconvolved relative density nrel(z, t) for the times t
reported in the upper left corner of each panel. (e)-(g) The red
solid lines schematically show the wave packet at (e) t = 0+,
(f) t ≈ Tx/4, and (g) t ≈ Tx/2. The black dashed lines
schematically show the equipotential lines of the final trap.
The arrows schematically indicate the flux.
line in Fig. 5(b)] exhibits a fringe pattern. The fringe pat-
tern exists only for a short time period. For t = 0.501Tz
(not shown), e.g., the oscillations are no longer visible.
Additionally, the limited spatial resolution smoothes out
the fringe pattern of the single-particle density such that
it cannot be observed in the experiment [dotted line
in Fig. 5(b)]. The fringe pattern in the single-particle
density keeps “appearing” and “disappearing” at larger
times. Figure 6(b) shows that the single-particle density
displays intricate fine structure for t = 4Tz (correspond-
ing to 〈z2〉 ≈ 0). Figure 6(d) shows that no fringe pattern
exists in the single-particle density for t = 4.25Tz (cor-
responding to 〈z2〉 ≈ 70a2ho,z). Remarkably, the relative
density along z is characterized by notable fine structure
for both times [Figs. 6(a) and 6(c)].
The discussion surrounding Figs. 3-6(d) illustrates that
collisions impact the single-particle and relative densities
differently. In particular, the relative density displays
an increasingly large number of oscillations with increas-
ing time while the single-particle density is smooth for
all times, except for t ≈ nTz/2. Given the strong time
dependence of the relative density, we ask whether the
system, in the large time limit, approaches thermal equi-
librium. The answer is, as is expected from Ref. [5], that
it does not. To gain insight into the long-time dynamics,
we analyze cycle-averaged observables, i.e., observables
averaged over a period of length Tz [from t = nTz to
t = (n + 1)Tz]. Lines in Figs. 6(e) and 6(f) show the
unconvolved cycle-averaged relative and single-particle
densities 〈nrel(z, t)〉Tz and 〈n(z1, t)〉Tz , respectively, for
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FIG. 5: (color online) Single-particle densities for as =
−4.64aho,z. (a) The black solid line and purple diamonds
with error bars show the convolved theoretical data and ex-
perimental results for t = 1.234Tx = 2ms; the red dashed and
green dot-dashed lines show the convolved theoretical data
for t = 3Tx and t = 4.5Tx, respectively. (b) The blue solid
and red dotted lines show, respectively, the unconvolved and
convolved theoretical data for t = 5Tx = 0.5Tz.
as = −4.64aho,z and n = 1, 102, and 104. In both panels,
the three curves are indistinguishable on the scale shown.
Thus, despite the intricate dynamics within each cycle,
the cycle-averaged observables display essentially no dy-
namics. The reason for this is that the normalized near-
est neighbor energy spacings are rather sharply peaked
around 1 (Fig. S1 [28]). We emphasize that this behavior
is also observed for other scattering lengths. The close
to frozen cycle-averaged relative density for large n indi-
cates a lack of thermalization. Indeed, the thermal rel-
ative density [green solid line in Fig. 6(e)] differs visibly
from the calculated cycle-averaged relative densities.
In summary, we have presented a joint theoretical-
experimental study that investigated the wave packet
dynamics of two ultracold atoms following a “violent”
trap quench, which leads to the occupation of many
eigenstates of the post-quench Hamiltonian. Following
the quench, two-body collisions, through their effect on
the structural observables, were observed. The excel-
lent agreement between the experimental and theoreti-
cal data together with the time-resolved single-atom de-
tection with high spatial resolution makes the system a
promising candidate for future dynamical studies, which
are aimed at addressing questions related to thermal-
ization, state engineering, chaos, and integrability. The
set-up also promises to be a fertile playground for test-
ing hydro-dynamical formulations [33–35], which can po-
tentially be used to simulate the dynamics of few- and
many-body systems. Quantitative tests of the hydrody-
namics theory with ultracold atoms may yield insights
into why the dynamics of quark gluon plasmas seems,
somewhat surprisingly, to be governed by hydrodynamic
equations [36, 37].
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FIG. 6: (color online) Unconvolved theory results for the long-
time regime for as = −4.64aho,z. The left and right columns
show the relative and single-particle densities, respectively.
Panels (a) and (b) show snapshots for t = 4Tz while panels (c)
and (d) show snapshots for t = 4.25Tz. Lines in panels (e) and
(f) show cycle-averaged observables for n = 1, 102, and 104.
On the scale shown, the lines are essentially indistinguishable.
For comparison, the green solid line in panel (e) shows the
relative thermal density.
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Supplemental material: Density
Oscillations Induced by Individual
Ultracold Two-Body Collisions
EXPERIMENTAL DETAILS
The experiments described in this paper are all per-
formed with two 6Li atoms in two of the three lowest
hyperfine states, denoted by |1〉 and |3〉. The experimen-
tal procedure starts from a balanced, degenerate mix-
ture of these two hyperfine states, which we obtain after
evaporating the gas close to the Feshbach resonance at
around 690 G. After evaporation we increase the mag-
netic field to above the Feshbach resonance to prepare
a weakly-attractive Fermi gas [left side of Fig. S1(a)].
We then transfer the atoms into an optical tweezer and
spill to the motional ground state [S1]. This state is
adiabatically connected to the molecular state for pos-
itive aho,z/as. We reach a ground state fidelity of ap-
proximately 97%. To study the two-atom system at dif-
ferent interaction strengths, we adiabatically ramp the
magnetic field in ∼ 100ms to values between 665 G and
900 G (see Table S1). Afterwards we slowly ramp on the
weak crossed-beam optical dipole trap. As the dipole
trap provides a much weaker confinement compared to
the tight tweezer it does not significantly affect the initial
state. At t = 0 we instantaneously switch off the tweezer
trap and allow the wave packet to expand in the crossed-
beam dipole trap. We keep the magnetic field constant
during expansion. After expansion in the weak trap we
apply a free-space single-atom imaging scheme [S2] to
obtain a spin-resolved image of the two atoms after var-
ious times of flight, which is spatially resolved along the
z-axis, while integrating out the other two axes.
ZERO-RANGE FRAMEWORK
The eigenenergies and eigenfunctions of Hrel,i and
Hrel,f are obtained using the zero-range framework devel-
oped in Ref. [S3]. For integer aspect ratio η, as considered
in our calculations, the determination of the eigenener-
gies involves the evaluation of a finite number of hyper-
geometric functions. The calculations can be performed
efficiently by employing an iterative scheme. As an ex-
ample, Fig. S1(a) shows the resulting low-lying portion
of the relative energy spectrum with ml = 0 as a function
of aho,z/as for η = 10. The ml quantum number, which
is associated with the relative orbital angular momentum
operator Lz along the z-axis, is a good quantum number
for the t > 0 Hamiltonian Hrel,f . Thus, the different ml
channels that the initial state is projected onto evolve
independently. To visualize the energy level distribution
of the entire ml = 0 spectrum, we shift the j-th energy
level down by 2j~ωz,f . The resulting energies Eshift,j ,
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FIG. S1: Characteristics of relative ml = 0 energy spectrum
for η = 10. (a) The solid lines show the eight lowest relative
ml = 0 eigenenergies Erel,f,j as a function of aho,z/as. (b) The
solid lines show the shifted energies Eshift,j for the 40 lowest
relative ml = 0 eigenenergies. The histograms in (c) and (d)
show the number of states with normalized nearest neighbor
spacing sj for as =∞ and as = 0.304aho,z, respectively. Note
the logarithmic scales of the y-axis.
Eshift,j = Erel,f,j − 2j~ωz,f , are shown in Fig. S1(b) as
a function of aho,z/as. It can be seen that all the en-
ergies are folded into a single “energy band”. On the
negative scattering length side, the energy band is split
into two sub-bands that are separated by a “gap”. This
indicates that the system supports two different types of
excitations: excitations that lie predominantly along the
z-direction and excitations that lie predominantly along
the ρ-direction. For all cases considered in this work, the
ml = 0 channel contributes more than 95% to the total
weight. The results presented account for the ml = 0
and finite ml components.
Figures S1(c)-S1(d) show the distribution of the near-
est neighbor spacings sj , sj = (Ej+1 − Ej)/s¯, where s¯
denotes the average of the nearest neighbor spacings, for
as = ∞ and as = 0.304aho,z, respectively, for η = 10.
The lowest 100,021 energy levels with ml = 0 are in-
cluded in Figs. S1(c) and S1(d). The nearest neigh-
bor distributions peak at sj = 1 and fall off rapidly for
smaller and larger sj . Importantly, even the energy spec-
trum for η = 10 and as =∞ contains more than one dis-
tinct energy spacing despite the fact that the point scat-
terer does not set a length scale in this case. The reason
is that the system is characterized by two length scales,
namely the harmonic oscillator lengths in the axial and
transverse directions. The situation here is thus different
from the strictly one-dimensional system and the spher-
ically symmetric three-dimensional system with infinite
coupling constants, which are characterized by a single
harmonic oscillator length and equidistant energy level
spacings [S4]. The distributions shown in Figs. S1(c)-
S1(d) are notably different from a GUE (Gaussian uni-
TABLE S1: The first two columns show the magnetic fields
B and the corresponding s-wave scattering lengths considered
in this work. Column 3 reports the occupation of the lowest
eigenstate of Hrel,f after the quench. Column 4 reports the
relative energy after the quench.
B/G as/aho,z |c0|2 〈Erel〉/(~ωz,f )
900 −0.0203 0.0207 241.2
700 −0.156 0.0843 143.9
692 −0.651 0.212 111.4
690 −4.64 0.278 101.0
685 0.304 0.516 69.82
665 0.0474 0.979 −209.9
tary ensemble) distribution, indicating non-chaotic be-
havior [S5, S6]. The GUE of random matrices has been
used extensively in the literature to analyze quantum
chaotic behavior. It is also worthwhile pointing out that
the distributions are not Poissonian and different from
those for a Seba billiard [S7].
To time evolve the initial state under the post-quench
Hamiltonian Hf , the relative portion of the initial
state is expanded in terms of the relative eigenstates
of Hrel,f [S3]. Provided the expansion coefficients are
known, the time dynamics amounts to keeping track of
the phase factors. Time-dependent structural observ-
ables are obtained by combining the relative and center-
of-mass portions of the wave packet and integrating nu-
merically over a subset of the spatial degrees of freedom.
To obtain accurate results for small and large interparti-
cle spacings, the relative wave packet is constructed using
non-linear grids in ρ and z.
To obtain the expansion coefficients cj right after the
quench, we numerically calculate the overlap integrals
between the initial state ψrel,i and the j-th eigenstate
ψrel,f,j of Hrel,f . Since ψrel,i has the most significant
overlap with ψrel,f,j at small distances, special care has
to be taken to obtain an accurate representation of the
ψrel,f,j at small ρ and z. As pointed out in Ref. [S3], the
convergence of the infinite sums in Eq. (56) of Ref. [S3]
is quite slow for small ρ and/or z. To deal with this,
we adjust the number of terms included in the expansion
depending on the ρ and z values considered. Table S1
lists the occupation probabilities |c0|2 for the magnetic
field strengths considered in this work.
CONVOLVED AND UNCONVOLVED
DISTRIBUTIONS
As discussed in the main text, the experimental reso-
lution when measuring the position coordinate zj of the
j-th atom along the axial direction is σ = 4 µm. The con-
volved theoretically determined single-particle and rela-
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FIG. S2: Unconvolved theory results corresponding to the
convolved theory results shown in Fig. 3 of the main text.
Note that the extend of the axis is, except for the x-axis of
panel (f), the same as in Fig. 3 of the main text.
tive densities are based on
ncon(z1, t) =∫ ∞
−∞
nuncon(z
′
1, t) exp
[
− (z
′
1 − z1)2
2σ2
]
dz′1, (S1)
and
nrel,con(z, t) =∫ ∞
−∞
nrel,uncon(z
′, t) exp
[
− (z
′ − z)2
2(
√
2σ)2
]
dz′ (S2)
where the subscripts “con” and “uncon” refer to “con-
volved” and “unconvolved”, respectively. In the main
text, the subscripts “con” and “uncon” are dropped for
notational simplicity. The widths of the Gaussian in
Eqs. (S1) and (S2) differ since the single-particle reso-
lution σ implies a resolution of
√
2σ for the relative co-
ordinate z.
Figure S2 shows the unconvolved data corresponding
to Fig. 3 of the main text.
TIME EVOLUTION OF RELATIVE DENSITY
Figure S3 shows the relative densities for as =
−4.64aho,z and six different times. The experimental
data and convolved theoretical results are in excellent
agreement (see the left column of Fig. S3). The right col-
umn of Fig. S3 shows the unconvolved theoretical results.
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FIG. S3: (color online) Convolved and unconvolved relative
densities at various times for as = −4.64aho,z. Panels (a)-(f)
correspond to t = 0.5ms, t = 1ms, t = 2ms, t = 2.5ms, t =
3.5ms, and t = 7ms, respectively. The system has undergone
0, 1, 2, 3, 4, and 8 collisions for panels (a)-(f). The left column
compares the experimental results (red circles) and convolved
theoretical results (solid line). Typical error bars are shown
for a subset of the experimental data. The right column shows
the unconvolved theoretical results.
For t = 0.5ms [Figs. S3(ai) and S3(aii)], no fringe pat-
tern exists in either the convolved or unconvolved data
because collisions have not yet happened. For t = 1ms
[Figs. S3(bi) and S3(bii)], the system has undergone one
collision. While the unconvolved data does show a fringe
pattern at this time [see Fig. S3(bii)], the convolved data
does not [see Fig. S3(bi)]. For t = 2ms [Figs. S3(ci)
and S3(cii)], the system has undergone two collisions.
For this time, two types of oscillations can be seen on
top of each other in the unconvolved data; one has al-
ready propagated out and the other exists only at small
4z [see Fig. S3(cii)]. After two collisions, the fringe pat-
tern is visible in the convolved data [see Fig. S3(ci)].
For t = 2.5ms [Figs. S3(di) and S3(dii)] and t = 3.5ms
[Figs. S3(ei) and S3(eii)], the system has undergone three
and four collisions, respectively. For these times, the
unconvolved relative densities show more and more fine
structure [see Figs. S3(dii) and S3(eii)]. Correspondingly,
the contrast of the fringe pattern in the convolved rela-
tive density increases and small wiggles can be seen in
addition to the three main peaks (one central peak at
z = 0 and two side peaks at z ≈ ±4aho,z). For t = 7ms
[Figs. S3(fi) and S3(fii)], the system has undergone eight
collisions. It can be seen that the unconvolved relative
density is governed by multiple frequencies. Since the os-
cillations are occuring on a small length scale, the finite
spatial resolution is not sufficient to resolve the fringe
pattern in the convolved data, i.e., Fig. S3(fi) shows only
a hint of a shoulder.
FINITE-RANGE INTERACTIONS
To analyze the role of effective range corrections, we
compare results for the zero-range potential and an at-
tractive Gaussian potential with range r0 = 0.00495aho,z,
for which the depth is adjusted to dial in the desired s-
wave scattering length. We restrict ourselves to finite-
range potentials that support zero or one free-space s-
wave bound state. For the Gaussian potential, the time
evolution is performed by separately propagating each
ml component of the relative portion of the wave packet.
We find that the lowest few ml provide a good descrip-
tion of the initial state. Each ml component is, in turn,
expanded in terms of the product of ml-dependent radial
functions Rlml(r) and spherical harmonics Ylml , where
the relative orbital angular momentum quantum number
l runs over even values (l = 0, 2, 4, ...). The resulting set
of coupled radial equations is propagated in time using
the techniques described in Refs. [S8]. Since the dynam-
ics leads to the occupation of many partial waves, the
convergence with respect to l needs to be checked care-
fully. The results shown in Fig. S4 include |ml| values up
to 4 and l values up to 500.
Figure S4 compares the relative density along z for
t = 3.5ms and as = −4.64aho,z. The aspect ratio η is set
to 10 for the zero-range interaction (black solid line) and
to 10.01 for the Gaussian interaction (red circles). The
agreement between the line and the symbols is excellent.
This shows that the relative density along z is insensitive
to the short-range details of the interactions and that a
small change in the aspect ratio has a negligible effect on
the short-time dynamics. We expect the latter to be true
quite generally. The former, in contrast, is only expected
to hold if |as| is much larger than r0.
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FIG. S4: (color online) Zero-range versus finite-range results
for t = 3.5ms and as = −4.64aho,z. The black solid line shows
the unconvolved relative density along the z-coordinate, for
the zero-range potential for η = 10. For comparison, the
red circles show the unconvolved relative density along the z-
coordinate for the Gaussian potential with r0 = 0.00495aho,z
for η = 10.01. The initial state is prepared identically in both
cases, using the trap frequencies ωy,i = ωz,i = 30.5kHz, and
ωx,i = 6.4kHz (see the main text).
RELATIVE THERMAL DENSITY
To obtain the relative thermal density shown in
Fig. 6(e) of the main text, we define an effective rela-
tive temperature T effrel through
〈Erel〉 =
∑
j
|bj |2Erel,f,j , (S3)
where j runs over all eigenstates of Hrel,f and the |bj |2
are the Boltzmann factors,
|bj |2 = Z−1 exp
(
−Erel,f,j
kbT effrel
)
, (S4)
with Z chosen such that the normalization∑
j
|bj |2 = 1 (S5)
is fulfilled. Here, 〈Erel〉 is the relative energy after the
quench (see Table S1), and kb the Boltzmann constant.
Physically, the effective temperature is defined assuming
that the system in the relative degrees of freedom is de-
scribed by a canonical ensemble. The relative thermal
density is then given by
nthermal(z) = 2pi
∑
j
∫ ∞
0
|bj |2|ψrel,f,j(~r)|2ρdρ. (S6)
COMPARISON WITH DYNAMICS OF
STRICTLY ONE-DIMENSIONAL SYSTEM
An important question is the following: Does a strictly
one-dimensional system exhibit analogous dynamics or
does the three-dimensional character of our set-up play
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FIG. S5: Dynamics for strictly one-dimensional system with
zero-range interactions. The solid lines show the relative
densities for g1D/(aho~ω) = −4.19 and (a) t = 0.48T , (b)
t = 0.49T , (c) t = 0.5T , and (d) t = 0.51T , respectively.
a crucial role? We find that the observed short-time dy-
namics depends notably on the three-dimensional char-
acter of the set-up despite the fact that the trap is
highly-elongated. To arrive at this conclusion, we per-
formed calculations for a strictly one-dimensional sys-
tem [S4]. Specifically, we consider a quench of a strictly
one-dimensional two-particle system with contact inter-
action of strength g1D. We prepare the system in its
ground state at t < 0 and consider the situation where
the trap frequency is reduced by a factor of 100 at time
t = 0 (we have checked that a reduction of the trap fre-
quency by a factor of 10 yields qualitatively similar re-
sults).
Figure S5 shows the unconvolved relative density for
g1D/(aho~ω) = −4.19 and t = 0.48T , t = 0.49T ,
t = 0.5T , and t = 0.51T , i.e., just before and after the
system has undergone the first collision. Here, ω de-
notes the trap frequency and aho is the corresponding
trap length scale, aho =
√
~/(µω). T is the oscillation
period, T = 2pi/ω. Comparison of Fig. S5 and Fig. 3 of
the main text shows that fewer fringes are formed per
scattering for the strictly one-dimensional case than for
the three-dimensional anisotropic case considered in the
main text. The fact that the build-up of “wiggles” is
much slower in the one-dimensional case than in the case
considered in the main text where there is a transfer of
flux from the transverse to the axial degrees of freedom
underscores that collisions in three spatial dimensions are
much more “effective” than in one spatial dimension.
This conclusion is consistent with earlier studies that
worked with larger particle numbers and initial states
that were closer to equilibrium [S9–S13]. We find simi-
lar behavior for other finite g1D. For infinitely large g1D,
“wiggles” are absent entirely. This can be attributed to
the scale invariance of the one-dimensional harmonically
trapped two-atom system with diverging g1D. In con-
trast, “wiggles” develop for two atoms in an anisotropic
trap with infinitely large as due to the fact that the exter-
nal confinement is characterized by two or more harmonic
oscillator lengths.
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